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A B S T R A C T

In many biological systems gene expression at mRNA and protein levels is not identical. Rigorous comparison of
such differences on a spatio-temporal scale is still not feasible by high-throughput transcriptomic and proteomic
analyses of early embryo development. Here, we characterize differences between mRNA and protein expression
of Drosophila segmentation genes at the level of individual gene expression domains. We obtained quantitative
imaging data on expression of gap genes gt and hb and pair-rule gene eve for Drosophila wild type embryos, Kr
null mutants and Kr+/Kr- heterozygotes. To compare mRNA and protein expression we use several criteria
including difference in amplitude and positions of expression domains, pattern shape and positional variability.
For a number of gene expression domains we show examples where protein expression does not repeat mRNA
expression even after a temporal delay. We calculated time delays between eve pattern formation at the level of
mRNA and protein for wild type embryos, Kr mutants and Kr+/Kr- heterozygotes. We detect that in wild type
embryos, the amplitudes of eve stripes 3 and 7 do not differ significantly at the level of mRNA, however, stripe 3
is higher than stripe 7 at the protein level. We further show that hb mRNA and protein expression in both
anterior and posterior domains significantly differs at specific time points. The formation of hb PS4 stripe at the
mRNA level proceeds five times faster than at the level of protein. With regard to spatial expression, we show
that the offset between posterior gt mRNA and protein domains is much larger in Kr mutants than in wild type
embryos and heterozygotes. Finally, we analyze differences in positional variability of eve stripe 7 expression in
Kr mutants and Kr+/Kr- heterozygotes at the level of mRNA and protein. These results enable further
perspectives to uncover mechanisms underlying discrepancies between mRNA and protein expression in early
embryo.

1. Introduction

Until recently, it has been common practice to consider gene
expression at the level of mRNA as a main determinant of protein
abundance. However, genome-wide analysis revealed that in a wide
range of organisms correlation between mRNA and protein levels is not
strong. Results often show correlation coefficients around 0.40, which
implies that only 40% of the variation in protein concentration can be
explained by knowing mRNA abundances (Maier et al., 2009; de Sousa
Abreu et al., 2009; Vogel and Marcotte, 2012). Along with transcrip-
tional regulation, there are many other levels of gene expression
control, including mRNA processing, translational regulation, regula-
tion of protein stability and degradation. Exact contributions of

regulation at the RNA level versus regulation at the protein level are
subject to ongoing debate (Schwanhäusser et al., 2011; Li et al., 2014;
Koussounadis et al., 2015; Cheng et al., 2016; Liu et al., 2016).
Rigorous comparison of differences between mRNA and protein
expression on a spatio-temporal scale is still not feasible by high-
throughput transcriptomic and proteomic analyses and consequently
requires acquisition of quantitative data in situ.

Traditionally, segmentation process in fruit fly Drosophila is
regarded as one of the primary model systems to study regulatory
interactions underlying pattern formation. Before maternal-to-zygotic
transition (MZT), maternally deposited transcripts and proteins are
regulated post-transcriptionally. Mechanisms of position-dependent
translational regulation of maternally expressed mRNAs, leading to
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establishment of molecular gradients underlying embryonic pattern in
early Drosophila embryo, were intensively studied during last two
decades (Lasko, 2011). Bicoid (Bcd) protein gradient represses transla-
tion of evenly distributed caudal (cad) mRNA in the anterior region of
Drosophila embryo and forms the posterior Cad gradient. Later in
development, Cad gradient serves as a main activator of posterior
zygotic gene expression. Similarly, Nanos (Nos) protein prevents
maternal hunchback (hb) translation in the posterior. This forms Hb
anterior gradient which is necessary for the correct establishment of
gap gene domain borders (Dubnau and Struhl, 1996; Rivera-Pomar
et al., 1996; Sonoda and Wharton, 1999; Chagnovich and Lehmann,
2001; Niessing et al., 2002; Cho et al., 2006; Lasko, 2011).

Following the onset of zygotic transcription during MZT, transcrip-
tional networks control a progressive refinement of gap and pair-rule
gene expression domains. This finally leads to the precise determina-
tion of parasegmental borders. Drosophila segmentation gene network
is well studied and currently serves as a good model for understanding
molecular mechanisms of eukaryotic transcription (Jaeger and Manu,
2012; Jaeger, 2011; Bothma et al., 2014; Fukaya et al., 2016).

Despite large amount of studies on translational and transcriptional
regulation in Drosophila early embryo, existing publications mostly
lack a comprehensive comparison of mRNA and protein spatial
patterns after the onset of zygotic transcription. We found the following
evidence for the domain-specific differences between mRNA and
protein expression in this system.

Earlier studies showed that the borders of gap gene Kruppel (Kr)
expression domain were less sharp at protein level compared to the
mRNA level (Gaul et al., 1987). Later on, asymmetric distribution of
mRNA relative to protein in posterior gap domains was explained by
mutual transcriptional repression of gap genes (Jaeger et al., 2004, see
below). Further evidence was that hunchback (hb) gene expression in
PS4 stripe, responsible for formation of Drosophila mesothoracic (T2)
segment, was better pronounced at the mRNA level (Wu et al., 2001).

A recent quantitative study revealed similar tendencies in depen-
dency between mRNA and protein expression levels for the posterior
domains of gap genes Kr, knirps (kni) and giant (gt) (Becker et al.,
2013). In these domains, mRNA and protein expression patterns are
remarkably similar in shape. However, the authors detect significant
differences between mRNA and protein concentrations. mRNA expres-
sion reaches maximum in mid-cycle 14A and then sharply decreases.
Protein expression reaches its maximum 15–20min later than mRNA
and retains high levels until the end of cleavage cycle 14A (onset of
gastrulation). Delay between mRNA and protein expression in general
comprises mRNA processing, export from the nucleus and translation
into protein. Using mathematical modeling approach, the authors test
whether post-transcriptional regulation is required for correct expres-
sion of gap protein domains. The results suggested that post-transcrip-
tional regulation is not required for patterning in this system, however,
it is necessary for proper control of protein concentrations (Becker
et al., 2013).

Differences in spatial positions of posterior gap domains between
mRNA and protein were also reported (Jaeger et al., 2004; Becker
et al., 2013). They manifest in asymmetric expression of mRNA with
respect to protein which leads to significant differences in positions of
posterior domain borders in wild type embryos. This asymmetry is
caused by the transcriptional repression directed from neighboring gap
domains located more posteriorly and drives spatial shifts of posterior
domains in the anterior direction (Jaeger et al., 2004; Jaeger, 2011).

Combination of spatial shifts of even skipped (eve) stripes with time
delays for protein synthesis also leads to more anterior mRNA
distribution with respect to protein domains in wild type embryos
from mid-late cycle 14A (Clark, 2017).

In this paper, we quantitatively characterize differences between
mRNA and protein expression of three segmentation genes in
Drosophila early embryo by comparing amplitude, shape, positional
shifts and variability of gene expression domains at the level of mRNA

and protein. Recent studies reveal differential changes in mRNA and
protein expression in response to experimental perturbations (Maier
et al., 2011; Jovanovic et al., 2015; Cheng et al., 2016). We use null
mutation in Kr gene as a perturbing factor and analyze mRNA and
protein expression in wild type embryos and mutants. We obtained
data on expression of gap genes gt and hb and the pair-rule gene
even skipped (eve) for wild type embryos, Kr null mutants and Kr+/Kr-
heterozygotes, including double staining of embryos for mRNA and
protein.

Several questions remain unanswered. First, does the shape of
protein patterns always reproduce the shape of mRNA patterns even
after a temporal delay? Second, is it reliable to predict protein
concentration within gene expression domain from its mRNA concen-
tration? In silico studies often use a transcript pattern as a proxy for the
protein pattern and vise versa. We highlight cases where using
transcript patterns would yield unambiguously wrong protein patterns
at specific time points.

Our paper presents the detailed quantitative comparison of the
domain-specific mRNA and protein expression of three Drosophila
segmentation genes. For several domains these quantities are mea-
sured simultaneously. Some recent publications provide evidence that
protein expression could be explained as a function of mRNA expres-
sion despite poor correlation between mRNA and protein abundances
(e.g. Peshkin et al., 2015), while the other studies suggest requirement
of post-transcriptional regulation in Drosophila embryogenesis
(Becker et al., 2018). Given this ambiguity, our results can provide
interesting perspectives to uncover mechanisms underlying differences
between mRNA and protein spatial expression in early embryos.

2. Materials and methods

2.1. Collecting and staining of embryos

Drosophila melanogaster wild type (Oregon R), Kr- (Kr1 amorphic
allele (Wieschaus et al., 1984)) and Kr+/Kr- embryos were collected
and fixed as described elsewhere (Surkova et al., 2008a, 2013).
Embryos were stained for hb, gt and eve mRNA expression using the
two-stage HCR method, which includes hybridization and amplifica-
tion (modified from Choi et al., 2014, see Supplementary protocol).
Probes were designed by Molecular Instruments (http://www.
molecularinstruments.org/) to target all transcripts of examined
segmentation genes at cellular blastoderm stage. After HCR, most of
embryos were stained with antibodies against protein products of gt
and hb, which were gifts of John Reinitz and Mark Biggin (Surkova
et al., 2008a, 2013). In this case ProteinaseK treatment at the
hybridization step was replaced by incubation with 80% acetone for
10min at −20 °C (Nagaso et al., 2001). This method was effective and
kept good quality of mRNA staining. Finally, embryos were stained
with Hoechst 34580 DNA dye (ThermoFisher) for 8–10min to mark
the nuclei, and then mounted in the Prolong gold antifade mountant
(ThermoFisher).

2.2. Confocal microscopy and image segmentation

Laterally oriented embryos from cleavage cycle 14A were imaged
using confocal microscope Zeiss 700 (Translational Imaging Center,
USC) with the 20X objective. Two-six optical sections were scanned
through the surface nuclei with the distance of 1 µm. Each section was
averaged 8 times.

Parameters of confocal microscope (gain and offset) for hb mRNA
and protein were calibrated as described earlier (Surkova et al., 2008a).
Consequently, for hb we consider raw intensity extracted from confocal
images. For mRNA expression of eve and gt “gain” parameter of the
microscope was adjusted during scanning to avoid pixel saturation. In
order to bring expression levels to the universal scale, we normalized
quantitative data using the intensity of eve stripe 1 and gt second
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anterior domain respectively. This method of normalization is reliable,
because it completely reproduces previously published dynamics of Gt
posterior domain amplitude both in wild type and Kr mutant embryos
(Surkova et al., 2008a, 2013), as well as the dependency between gt
mRNA and protein concentrations in wild type (Becker et al., 2013).

After fluorescent imaging, we scanned sagittal sections in trans-
mitted light to check the degree of cell membrane invagination for
further precise detection of developmental age of the embryos (Surkova
et al., 2013).

Image stacks were segmented in ProStack software (https://
sourceforge.net/projects/prostack/) (Kozlov, 2008) using several
pipelines, which sequentially apply different image processing tools
and finally create binary masks of the whole embryo and embryonic
nuclei (Surkova et al., 2008b). Whole embryo mask was used to put
embryo into correct orientation and to crop image according to the
embryo dimensions. Nuclear masks provided information on spatial
positions of centroids and average fluorescence intensity within each
nucleus, finally formatted as Excel tables.

2.3. Processing of quantitative data

Removal of nonspecific background signal, extraction of character-
istic features of expression patterns, spatial registration and data
integration were performed in the BREReA software (https://
sourceforge.net/projects/brerea/). We used the anterior-posterior
(A–P) positions of expression maxima as well as points where
expression is 50% of maximum (‘‘domain borders’’) as characteristic
quantitative features. We analyzed gene expression profiles from the
central 10% dorsoventral (D-V) stripe extracted along the A-P axis
(Surkova et al., 2008a, 2013).

We classified the quantitative data on gene expression into 8 time
classes approximately 6.5min each according to the degree of cell
membrane invagination and dynamic changes in gene expression
(Surkova et al., 2008a, 2013). These data were used for the construc-
tion of integrated (averaged) patterns to capture overall dynamics of
gene expression.

To estimate statistical significance of spatial shifts and variability
we used more generalized classification and merged each of two
neighboring temporal classes into four time groups ((1–2), (3–4),
(5–6) and (7–8)) with a time resolution of about 13min each.

To compare distances between gene expression domain borders at
the level of mRNA and protein we performed the unpaired t-test at a
confidence level of P = 0.05. Pearson correlation coefficients were
calculated to test the similarity of eve mRNA and protein expression
patterns in different time classes. Normality of distributions was
checked using Lilliefors and Shapiro-Wilk tests.

2.4. The dataset

2.4.1. Our new dataset includes 139 Drosophila embryos
Below is the distribution of embryos according to genotype and

stained gene product: (a) wild type (wt) embryos: eve mRNA (N = 45);
gt mRNA (N = 54); hbmRNA (N = 36); Hb protein (N = 20); Gt protein
(N = 13). (b) Kr null mutants: eve mRNA (N = 37); gt mRNA (N = 31);
Hb protein (N = 13), Gt protein (N = 12). (c) Kr+/Kr- heterozygotes:
eve mRNA (N = 41); gt mRNA (N= 37); Hb protein (N = 17), Gt
protein (N = 19).

35 embryos were stained for the expression of gt, hb and eve at the
level of mRNA in the following combinations: gt mRNA, hb mRNA and
evemRNA (22wt embryos) and gtmRNA and evemRNA (13 embryos: 7
Kr-, 3 Kr+/Kr- and 3wt). 104 embryos were stained simultaneously for
mRNA and protein products of the following genes: gtmRNA, Hb protein
and evemRNA (36 embryos: 13 Kr-, 17 Kr+/Kr- and 6wt); gt mRNA, Gt
protein and eve mRNA (44 embryos: 12 Kr-, 19 Kr+/Kr- and 13wt);
gt mRNA, hb mRNA, Hb protein and eve mRNA (12 embryos: 5 Kr-,
4 Kr+/Kr- and 3wt) and Hb protein and hb mRNA (12wt embryos).

Quantitative and integrated data can be uploaded from https://doi.
org/10.5281/zenodo.2228371. All other data types are available from
authors.

We combined these new data with the earlier obtained data on
protein expression (Surkova et al., 2008a, 2013). Supplementary Table
S5 shows the number of embryos used for the construction of data plots.

3. Results

3.1. Stripe-specific differences between eve mRNA and protein
expression

3.1.1. Correlation between eve expression patterns at the level of
mRNA and protein

We obtained the quantitative dataset on eve mRNA expression for
wild type embryos, Kr null mutants and Kr+/Kr- heterozygotes and
compared it with protein expression (Supplementary Figs. S1–S3).
During cleavage cycle 14A eve expression is highly dynamic and patterns
change their shape very quickly. While in gap domains mRNA and
protein patterns differ mostly by the level of expression (Becker et al.,
2013), in eve such differences can be judged from the pattern shape
which includes the intensity of stripes, time, sequence and type of
formation (Surkova et al., 2008a). This criterion is nearly independent
from experimental error, i.e. background staining, variation in concen-
tration of antibodies/probes or settings of the confocal microscope.

We sought to understand, whether the shape of eve protein patterns
repeats the shape of the corresponding mRNA patterns, and if so, what
is the temporal delay between pattern formation at the level of mRNA
and protein. A visual inspection of integrated data on eve expression
reveals that in wild type embryos from early cycle 14A, protein patterns
nearly reproduce mRNA patterns with a delay of one time class, or
about 6.5min of development (Fig. 1A-F, Fig. 1H,I and Supplementary
Fig. S1). Indeed, eve mRNA patterns from time classes 1 and 2 have
maximum values of correlation with the protein patterns from time
classes 2 and 3 respectively (Fig. 1G and Table 1). For time classes 3–5
the delay increases to two time classes or approximately 13min
(Supplementary Fig. S1 and Table 1). In Kr+/Kr- heterozygotes from
time classes 3–5, and in Kr- embryos from time classes 2–3, protein
patterns also form with a delay of ~13min (Supplementary Tables S1
and S2). In Kr- embryos from mid-cycle 14A, all mRNA patterns show
the best correlation with protein patterns from time class 5
(Supplementary Table S2). Presumably, this is due to the complicated
shape of eve patterns in mutants (Supplementary Fig. S2). However, by
the end of cycle 14A, eve patterns at the level of mRNA and protein
attain nearly similar shapes and this is observed in all genotypes
(Supplementary Figs. S1–S3).

3.1.2. eve stripe 7 expression is increased at the level of mRNA in
early-mid cycle 14A

Detailed comparison of individual eve stripes (Supplementary Figs.
S1–S3) revealed that eve stripe 7 is increased at the level of mRNA
compared to that of protein in early-mid cycle 14A (Fig. 1L-N). This
increase is especially pronounced in Kr null mutants and Kr+/Kr-
heterozygotes and is evident both for averaged patterns (Fig. 1M,N and
Supplementary Figs. S1–S3) and for eve profiles in individual embryos
(Fig. 1O-P).

We plotted mRNA and protein maximum concentrations of eve
stripe 7 for the time groups (1–2) – (7–8) (Fig. 1Q-S). Note, that the
spatial positions of eve stripe 7 maximum differ between mRNA and
protein levels as stripe 7 shifts significantly over time and this move-
ment is not identical for the mRNA and protein patterns (see Fig. 4C,D
and Supplementary Figs. S1–S3).

In wild type embryos and Kr mutants from time group (1–2),
mRNA expression in eve stripe 7 is significantly increased compared to
protein expression (Fig. 1Q,S). This difference is maximized in time
group (3–4). While stripe 7 maximum expression at the level of mRNA
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increases sharply in early times, its protein expression rises gradually
until gastrulation. By the end of cycle 14A, mRNA and protein
amplitudes become more similar (Fig. 1Q,S). For Kr+/Kr- heterozy-
gotes, eve mRNA and protein maximum concentrations show the same
tendency, although the data is only available starting from time group
(3–4) (Fig. 1R).

3.1.3. Difference between amplitudes of eve stripes 3 and 7 is more
pronounced at the level of protein

We decided to compare the amplitudes of eve stripe 7 and stripe 3
in individual wild type embryos at the level of mRNA and protein.
Expression of both stripes is driven by eve3+7 enhancer (Small et al.,
1996; Clyde et al., 2003; Struffi et al., 2011) and stripe 7 is additionally
regulated by an eve2+7 regulatory sequence (Janssens et al., 2006;
Staller et al., 2015).

Although stripes 3 and 7 have different spatial dynamics within eve
pattern, namely, stripe 7 significantly shifts in the anterior direction over
time (Fig. 4C,D, Surkova et al., 2008a), we used maximum amplitude of
these stripes as a criteria to compare mRNA and protein levels. For each
time group, we estimated percent of individual embryos where stripe 3 is
higher than stripe 7 (light bars), or conversely, where stripe 7 is higher
than stripe 3 (dark bars) (Fig. 1J,K). At mRNA level (Fig. 1J), the
proportion of embryos with elevated stripe 3 or elevated stripe 7 varies
from about 71% and 29% to 57% and 43% respectively depending on the
time group. For all cycle 14A, this proportion is 57% and 43% (right-
hand graph) on average, demonstrating almost equal balance between
stripe 3 and 7 amplitudes.

However, at the protein level, the proportion of embryos with
elevated stripes 3 or 7 varies from 99% and 1% to 72% and 28% (about
88% and 12% on average) (Fig. 1K).

Fig. 1. Stripe-specific differences in the levels of eve mRNA and protein expression. (A-F) Averaged patterns of eve expression in wild type embryos from time classes 1–3. mRNA and
protein patterns with similar shape are marked by the same colors. (G) Correlation coefficients for eve mRNA patterns from time classes 1–5 (colored curves) and Eve protein patterns
from time classes 1–8. Protein patterns show maximum correlation with mRNA patterns in time classes marked by arrows. (H, I) Confocal images of eve expression in wild type embryos
from time classes 2 and 3 stained for mRNA (H) and protein (I) respectively. Images show very similar expression patterns. (J, K) Amplitudes of eve stripes 3 and 7 are compared for
each individual wild type embryo at the level of mRNA (J) and protein (K). Bar graphs show percent of embryos with higher stripe 3 (light bars) or 7 (dark bars) in each time group (left-
hand graphs) and averaged data for cycle 14A (right-hand graphs). (L, M) Averaged patterns show increased eve mRNA expression in stripe 7 in wild type embryos (L), Kr+/Kr-
heterozygotes (M) and Kr null mutants (N) from time group (3–4). Arrows show difference in amplitude of stripe 7 between protein and mRNA patterns. (O, P) Examples of eve
expression profiles before normalization in 8 individual Kr mutant embryos from time group (3–4) at the level of mRNA and in 27 randomly chosen Kr mutant embryos at the level of
protein. (Q-S). Dynamics of eve mRNA and protein concentrations in stripe 7 during cycle 14A in wild type embryos (Q), Kr+/Kr- heterozygotes (R) and Kr null mutants (S).
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We can conclude that the difference in maximum amplitudes
between stripes 3 and 7 is pronounced at the protein level, where
stripe 3 is higher than stripe 7 in the majority of embryos, but not at the
level of mRNA.

3.1.4. Discrepancies between mRNA and protein expression in hb
anterior and posterior domains

Zygotic hb expression is complex. In early times zygotic hb is
expressed in a broad anterior domain which is under the control of the
Bcd morphogen gradient (Driever and Nusslein-Volhard, 1989). Later
in development, two new domains arise: the posterior domain and the
PS4 stripe, which is responsible for the formation of the T2 segment
(Fig. 2A-E, Wu et al., 2001).

Since PS4 stripe forms in cleavage cycle 14A, we were able to
compare the rate of its formation in individual wild type embryos at the
level of mRNA and protein (Fig. 2F). At the mRNA level, formation of
this stripe proceeds very quickly. It starts in time class 2 and is finished
by time class 3. Formation of the PS4 stripe at the protein level starts in
time class 4 (~13min later) and proceeds during time classes 4–8
(Fig. 2F). This comprises about 33min of development, which is five
times longer than at the level of mRNA. Thus, there is a significant
delay between PS4 stripe formation at mRNA and protein levels.

In order to understand whether hb mRNA pattern can be used as a
proxy for Hb protein pattern, we analyzed hb mRNA and protein
expression in the anterior and posterior domains. Dynamics of mRNA
and protein concentrations in the hb anterior domain in general resemble
the previously described dynamics of Kr, gt and kni posterior domains
(Becker et al., 2013), although hb anterior mRNA declines at the earlier
times and more sharply. Hb anterior protein expression, on the contrary,
remains high until gastrulation (Fig. 2G, Supplementary Fig. S4).

Unlike anterior expression, the maximum amplitude of posterior hb
mRNA domain sharply increases until time group (3–4) and then
slightly declines, while protein expression increases gradually until the
end of cycle 14A (Fig. 2G).

hb posterior domain has the similar shape at mRNA and protein
levels and the only difference between mRNA and protein expression is
the sharp increase in the mRNA amplitude in early time groups
(Fig. 2D,E,G). On the contrary, Hb anterior protein expression does
not repeat the shape or amplitude of its mRNA expression even after a
temporal delay (Fig. 2D-G).

3.2. Genotype-specific differences of posterior gt expression at the
level of mRNA and protein

3.2.1. gt posterior mRNA domain in Kr mutants is displaced with
respect to protein domain

As previously shown, the expression domains of zygotic genes
dynamically change their spatial positions after their initial setting by

the threshold concentrations of maternal gradients (Jaeger et al., 2004;
Surkova et al., 2008a; El-Sherif and Levine, 2016). In the posterior
domains of gap genes, these shifts are driven by asymmetric repression
between neighboring domains, which is directed from the more
posteriorly located domain. For posterior Kr, kni and gt domains in
wild type embryos, this leads to the asymmetric spatial distribution of
mRNA in relation to protein (Jaeger et al., 2004; Becker et al., 2013).

Posterior gt domain provides interesting clues for understanding
the dynamic interpretation of positional information in early embryo
(Jaeger et al., 2004). During cleavage cycle 14A this domain shifts in
the anterior direction on more than 8% of embryo length (EL) in wild
type embryos and on more than 13% EL in Kr null mutants (Surkova
et al., 2013). These values are equal to 8 and 13 embryonic nuclei along
the A-P axis respectively.

In accordance with previous studies (Jaeger et al., 2004; Becker
et al., 2013), we detect that in wild type embryos, gt mRNA is
distributed asymmetrically with respect to its protein product. The
posterior border of gt mRNA domain (“post”) is located anteriorly in
relation to its protein border (white bar on Fig. 3A and black arrows on
Fig. 3C). Kr+/Kr- heterozygotes also show this asymmetry (black
arrows on Fig. 3D).

Surprisingly, in Krmutants, both anterior (“ant”) and posterior (“post”)
borders of gt mRNA domain are shifted with respect to protein domain
borders (black arrows on Fig. 3E). Mismatch in the anterior border
positions is evident in individual Kr mutant embryos double stained for
gt mRNA and protein (white “ant” bar on Fig. 3B). Interestingly, prior to
gastrulation, positions of gt mRNA and protein borders in Kr mutants
converge, unlike those in wild type embryos (Fig. 3E).

The statistical significance of these observations was estimated by
co-staining 43 individual embryos from cycle 14A for gt mRNA and
protein (Tables 2A and B). As expected, in wild type and heterozygous
embryos, we detect asymmetry of gt mRNA distribution with respect to
protein (Table 2A), which is statistically significant (p < 0.05, Table 2B
(a and b)).

In Kr mutants, the gt mRNA domain is shifted in relation to the
protein domain on about 4.8 nuclei at the anterior border and on about
4.4 nuclei at posterior border (Table 2A). These distances do not
significantly differ from each other (Table 2B (c)), however, they
significantly differ from distances between corresponding borders in
wild type embryos and heterozygotes (Table 2B (e,f and h,i)). Thus, in
Kr mutants mRNA distribution with respect to protein distribution is
less asymmetric than in wild type embryos and heterozygotes. Detailed
comparisons are provided in the legend of Table 2B.

To conclude, the anterior displacement of gt posterior mRNA
expression relative to protein expression in Kr mutants is much larger
than in wild type embryos and heterozygotes. It constitutes about one-
third of gt domain width and is mostly pronounced in early time classes
(Fig. 3B,E, Supplementary Fig. S6).

Table 1
Temporal correlation between eve mRNA and protein expression patterns in wild type embryos. Table shows Pearson correlation coefficients for averaged eve mRNA
patterns from time classes 1–8 and corresponding protein patterns. Shaded cells show maximum values of correlations. All coefficients are statistically significant
(P < 0.05). Normality of distributions was checked using Lilliefors and Shapiro-Wilk tests.
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Fig. 2. Domain-specific differences between hb mRNA and protein expression. (A-C) Individual wild type embryos from time classes 1, 5 and 8, double stained for hb mRNA and Hb
protein. (D, E) Integrated patterns of hb mRNA (D) and protein (E) expression in wild type embryos. Arrow shows PS4 stripe. (F) Rate of PS4 stripe formation in individual embryos at
the level of mRNA and protein. For each time class, bar graph shows percent of embryos where PS4 stripe has already formed. (G) Temporal dynamics of hb intensity for the anterior
domain (at its midpoint) and for posterior domain maximum.

Fig. 3. Differences between gt mRNA and protein expression in wild type embryos and Kr mutants. (A-B) A mismatch between the posterior (post) and anterior (ant) border positions
of gt posterior domain at mRNA and protein levels (white bars). Individual wild type (A) and Kr mutant (B) embryos were double stained for gt mRNA and protein. (C-E) Dynamics of
averaged positions of gt posterior domain borders at the level of mRNA and protein for wild type (C), Kr+/Kr- (D) and Kr- embryos (E). Black arrows show difference between mRNA
and protein positions for anterior and posterior borders respectively (see also Tables 2A and B). (F-I) Integrated patterns of gt expression at the level of mRNA (F, H) and protein (G, I)
in wild type and Kr- embryos from time classes 2 and 8. Arrow on panel H shows that by the end of cycle 14A gt posterior mRNA expression declines both in wild type and Kr- embryos.
On the contrary, Gt posterior protein expression declines only Kr mutants (arrow on I).(J, K) Temporal dynamics of posterior gt mRNA and protein concentrations (shown as percent
maximum) in wild type embryos (J) and Kr mutants (K).
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3.2.2. Wild type embryos and Kr mutants show similar mRNA levels
but different protein levels within the gt posterior domain in late cycle
14A

According to previously published results, in wild type embryos, the
posterior gt mRNA expression reaches its maximum in early cycle 14A
and then sharply declines, while protein expression retains high levels
until gastrulation (Becker et al., 2013; Surkova et al., 2013) (Fig. 3J).
Our data confirm this observation (Fig. 3F-I, J). Interestingly, in Kr
mutants, both mRNA and protein maximum concentrations within gt
posterior domain decline in the second half of cleavage cycle 14A
(Fig. 3F-I, K). Thus, in late cycle 14A we observe low mRNA
concentrations both in wild type embryos and Kr mutants, however,
low protein concentration are detected only in mutants (Fig. 3H,I). We
can assume that the fast spatial displacement of gt mRNA domain
(Fig. 3B) may account for the decrease in Gt protein amplitude in
mutant embryos.

3.3. Spatial dynamics and positional variability of mRNA and
protein expression in Kr+/Kr- heterozygotes

As we have previously shown, the shape and A-P width of the early
Eve protein patterns in Kr+/Kr- heterozygotes resemble those in Kr
null mutants, but by the end of cycle 14A, Eve expression becomes very
similar to wild type, thus dynamically correcting the mutant phenotype
(Surkova et al., 2013).

Here, we analyzed the positional dynamics of posterior gt domain
and eve stripe 7 in Kr+/Kr- heterozygotes at the level of mRNA and
protein. We detect that by the end of cycle 14A positions of expression
domains at the level of mRNA in heterozygotes nearly coincide with
those in wild type embryos (Fig. 4A,C). At the level of protein, the
correction of domain positions in Kr+/Kr- embryos is not fully
manifested, although the tendency of dynamic shifts toward wild type
positions is clearly evident (Fig. 4B,D).

We have previously reported that the variability in positions of the
Gt posterior protein domain decreases during cleavage cycle 14A both
in wild type embryos and Kr mutants, providing the precise patterning
by gastrulation (Surkova et al., 2013). In Kr+/Kr- heterozygotes, gt
positional variability follows the same tendency both at the level of
mRNA and protein (Supplementary Table S4).

On the contrary, the positional variability of Eve stripe 7 at the
protein level was low in wild type embryos but remained high in Kr
mutants throughout all cleavage cycle 14A (Surkova et al., 2013). Here
we detect that in early cycle 14A, Kr+/Kr- heterozygotes also show high
variability in Eve stripe 7 positions at the protein level. Unlike Kr
mutants, this variability decreases over time, however, by the end of
cleavage cycle 14A it remains essentially higher than in wild type
embryos (Fig. 4E, Supplementary Table S3).

Interestingly, at the level of mRNA, eve stripe 7 is also very variable
both in Kr+/Kr- heterozygotes and Kr null mutants in the early cycle

Table 2A
Distances between gt protein and mRNA domain borders in individual embryos.
Distances between the A-P positions of gt posterior domain borders at the level of
protein and mRNA are shown in percent embryo length (EL). Values of distances were
calculated for 43 individual embryos double stained for gt mRNA and protein, and then
averaged for wild type embryos (WT), Kr+/Kr- heterozygotes (HET) and Kr null mutants
(MUT). “A border” and “P border” are anterior and posterior borders respectively.

gt A border P border
genotype Distances between border positions at the level of

mRNA and protein (in % EL)

WT (N=12) 0.09 2.05
HET (N=19) 0.81 1.97
MUT (N=12) 4.79 4.39

Table 2B
Statistical comparison of distances between gt posterior domain borders at the level of mRNA and protein from Table 2A.
Distances for anterior (A) and posterior (P) borders reflect the degree of asymmetry of mRNA distribution relative to
protein distribution. Distances in each row are compared using unpaired t-test, statistically significant comparisons are
shaded in gray (P < 0.05). (1) Within-genotype comparison. For wild type embryos (WT) and Kr+/Kr- heterozygotes
(HET) difference between indicated distances is statistically significant (1a,b). In Kr null mutants (MUT) distances do not
differ significantly (1c) and this means that in mutants Gt protein domain is shifted less asymmetrically with respect to gt
mRNA domain. (2,3) Between-genotype comparison. Distances for anterior (2) or posterior (3) borders of gt posterior
domain do not differ significantly between wild type embryos and Kr+/Kr- heterozygotes. However, both A and
P distances in Kr mutants differ significantly form those in wild type embryos and heterozygotes.
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14A. However, over the course of development, this variability sharply
declines and attains nearly the same level as in wild type embryos
(Fig. 4E).

Taken together, these results show that the correction of mutant
phenotype is better pronounced at the level of mRNA than at the
protein level.

4. Discussion

In this paper, we quantitatively compared mRNA and protein
expression of three segmentation genes in Drosophila early embryo.
Protein expression is closer to phenotype than mRNA expression, thus
the discrepancies between mRNA and protein expression in early
embryos can potentially have patterning implications. Some recent
studies provide evidence that protein expression could be explained as
a function of mRNA expression (Peshkin et al., 2015; Becker et al.,
2013), while the other publications demonstrate the requirement
of post-transcriptional regulation in Drosophila embryogenesis
(Becker et al., 2018).

Here, we show the specific examples where protein expression of
Drosophila segmentation genes does not recapitulate mRNA expres-
sion even after the temporal delay. We analyze a number of spatio-
temporal discrepancies between mRNA and protein expression, in-
cluding differences in shape, amplitude and positional variability of
gene expression domains. In silico studies often use protein expression
as a proxy for mRNA expression and vise versa. We highlight cases

where such approach can lead to unambiguously wrong predictions.
For the specific gene expression domains, the correct results may be
obtained only when both mRNA and protein concentrations are
measured directly.

Mechanisms underlying the observed discrepancies between tran-
script and protein expression in the Drosophila blastoderm should be
further investigated.

4.1. Domain- and genotype- specific differences between mRNA and
protein temporal and spatial expression

A quantitative study by Becker et al. reported similar dynamics in
expression levels for posterior domains of gap genes Kr, kni and gt.
Concentration of mRNA reached maximum in early cycle 14A and then
significantly declined, while protein levels peaked with the delay of 15–
20min and remained high until gastrulation (Becker et al., 2013). Our
analysis of maximummRNA and protein amplitudes within Kr, kni and
gt domains supports this observation. This is schematically shown in
Fig. 5A. The similarity in both in mRNA and protein expression
dynamics of posterior Kr, kni and gt is predictable because all these
domains appear nearly simultaneously at cleavage cycles 11–12 and
have equal shapes. The question is: what is the time delay between
mRNA and protein expression during formation of more complex
patterns (e.g. in pair-rule genes) and how is it affected by mutations?

We examined the dynamically forming early eve patterns and
detected that, in general, protein patterns reach the shape of mRNA

Fig. 4. Dynamic correction of spatial positions of expression domains in Kr+/Kr- heterozygotes is better pronounced at the level of mRNA. Dynamic shifts in positions of anterior (ant)
and posterior (post) borders of gt posterior domain (A,B) and eve stripe 7 maximum (C,D) are shown at the level of mRNA and protein. (E) Standard deviations in positions of eve stripe
7 maximum.
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patterns with the delay of one-two time classes (~6.5–13min).
Surprisingly, in early cycle 14A, amplitude of eve stripe 7 at the
mRNA level is significantly increased compared to the protein ampli-
tude. This increase is evident in wild type embryos (Fig. 1L,Q) but is
most pronounced in Kr null mutants and Kr+/Kr- heterozygotes
(Fig. 1M-P, R,S).

Moreover, comparison of stripe 7 intensity with that of stripe 3 in
individual wild type embryos revealed that stripe 3 is higher than
stripe 7 in the majority of embryos at the protein level (Fig. 1K).
However, at the level of mRNA, the amplitudes of these stripes do not
differ significantly (Fig. 1J). Transcription in these stripes is only
partially regulated by a common eve3+7 enhancer, as stripe 7 is under
the additional control of the eve2+7 regulatory sequence (Clyde et al.,
2003; Struffi et al., 2011; Janssens et al., 2006; Staller et al., 2015).
Thus, we could expect larger difference between mRNA expression of
stripes 3 and 7, however we observe difference only in their protein
levels. One possible explanation comes from the observation that
stripe 7 is more dynamic than stripe 3, as it shifts significantly over
time in the anterior direction (Fig. 4C,D). Therefore, the high levels of
transcription in eve stripe 7 may be more transient in each nucleus and
as a consequence lead to low levels of protein expression in this stripe.

With respect to the early increase of mRNA expression of eve
stripe 7 compared to its protein expression (Fig. 1Q-S), our results
show that such elevation is also inherent to hb posterior domain
(Fig. 2G, Fig. 5C). In both cases, mRNA expression sharply increases in
early cycle 14A, but does not significantly decline thereafter and retains
the same level as the protein. Remarkably, in the related species
D. pseudoobscura and D. yakuba, increased mRNA intensity in the
posterior domains of hb and eve is much more pronounced than in
D. melanogaster (Fowlkes et al., 2011 (Fig. 2), Tautz and Nigro, 1998
(Fig. 4)).

As this mode is inherent to stripes located near the posterior pole of
the embryo, we can assume its functional role. In Drosophila, the
posterior pair-rule stripes are often formed later than the anterior ones.
Consequently, in order to reach appropriate amplitude by the time of
segment determination, they require increased levels of mRNA to
provide active protein synthesis. Delayed pattern formation of poster-
ior stripes in Drosophila presumably has evolved from the short germ-
band insects, where segments are not formed simultaneously, but are
added sequentially at the posterior growth zone (Damen, 2007).
Molecular mechanisms underlying regulatory connections between
posterior patterning during long and short (intermediate) germ-band
segmentation are actively studied (Clark, 2017).

The anterior domain of hb shows fundamentally different dynamics
than the posterior domain. In this case, mRNA expression dynamically
decreases to very low levels, but protein is retained at high concentrations
(Figs. 2A-E, G and 5B). Both mRNA and protein dynamics somehow
resemble those of the posterior Kr, kni and gt domains in the second half

of cycle 14A (Fig. 5A). From a functional point of view, maintenance of
high protein concentration within the anterior Hb protein is quite
important as this domain plays a fundamental role in segment determina-
tion by activating eve stripe 2 and setting borders both of gap domains
and eve stripe 3. At the same time, high levels of Hb protein may
contribute to the sharp decline of anterior hb mRNA (Fig. 2D,E) due to
self-repression reported in some studies (Xu et al., 2015).

4.2. Shape of expression patterns at the level of mRNA and protein

In wild type embryos and Kr+/Kr- heterozygotes in early-mid cycle
14A, Eve protein stripes reproduce the pattern of eve mRNA stripes
after a delay (Fig. 1A-F, G and Supplementary Figs. S1 and S3).
Although we find some inconsistencies in correlations between eve
mRNA and protein expression in Kr mutants from mid-cycle 14A
(Supplementary Table S2), in late cycle 14A eve protein and mRNA
patterns reach almost similar shapes in all genotypes (Supplementary
Figs. S1–S3, Table 1, Supplementary Tables 1 and 2). By this time, eve
turns from stripe-specific regulation by gap genes to the refinement of
whole patterns directed by the late element (Goto et al., 1989; Harding
et al., 1989). The refined eve stripes are required to ensure the stability
of the future parasegment boundaries (Fujioka et al., 2002).

Protein expression in the posterior gt and hb domains also becomes
very similar in shape to the corresponding mRNA expression after
temporal delays, which are domain-specific (Fig. 5A,C). Thus, mRNA
and protein expression of posterior gap domains differs only by
intensity levels in the particular time class. This is in agreement with
the earlier published results (Becker et al., 2013).

On the contrary, anterior hb and gt protein expression does not
attain the shape of mRNA expression even prior to gastrulation
(Fig. 2A-E, Supplementary Figs. S4, S5 and S6). Moreover, we found
that formation of the hb PS4 stripe at the level of mRNA proceeds five
times faster than at the level of protein (Fig. 2F).

Thus, in contrast to posterior gap domains, the anterior domains
show significant discrepancy in a shape between mRNA and protein
expression. This phenomenon deserves further investigation.

4.3. Spatial displacement of mRNA expression in relation to protein
expression

For Drosophila embryos, we compared spatial positions of the gt
posterior domain at the level of mRNA and protein in wild type
embryos, Kr+/Kr- heterozygotes and Kr null mutants.

In wild type embryos and heterozygotes, posterior gt mRNA
expression is distributed asymmetrically in relation to protein distribu-
tion, leading to the difference in positions of posterior borders
(Fig. 3C,D, Tables 2A and B).

Remarkably, in Kr mutants, gt mRNA is displaced anteriorly with

Fig. 5. Domain-specific temporal changes in mRNA and protein maximum expression levels. (A) mRNA expression in posterior Kr, kni and gt domains reaches maximum in early cycle
14A and declines thereafter. Protein reaches maximum with a delay of 2–3 time classes (~13–20min) (Becker et al., 2013 and this paper). (B) mRNA concentration in the anterior hb
domain sharply declines in early cycle 14A, however, protein retains high levels until gastrulation. (C) Posterior hb domain and eve stripe 7 show sharp increase of mRNA in early cycle
14A, while protein expression increases gradually until gastrulation.
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respect to Gt protein domain on more than 4 nuclei that constitutes
about one third of its width (Fig. 3B,E, Tables 2A and B). This
displacement is caused by the fast movement of the gt mRNA
expression domain in the anterior direction, driven by Hb repression
from the posterior, absence of Kr domain in the anterior and very low
concentration of Knirps (Kni) (Kozlov et al., 2012). Gt protein
expression in Kr mutants finally attains the same positions as
mRNA, but with a delay, which is presumably required for protein
accumulation (Fig. 3E).

Interestingly, during cleavage cycle 14A, gt mRNA concentration in
the posterior domain declines abruptly both in wild type embryos and
Kr mutants (Fig. 3H). However, Gt protein decreases significantly only
in mutants (Fig. 3I). Although the transcriptional regulatory mechan-
isms of gt domain decrease in Kr mutants have been revealed by the
earlier in silico study (Kozlov et al., 2012), we can hypothesize that the
discrepancy in positions between posterior gt mRNA and protein
expression in mutants (Fig. 3B,E) may additionally account for the
decrease of Gt protein concentration.

4.4. Dynamic correction of spatial domain positions in Kr+/Kr-
heterozygotes is better pronounced at the level of mRNA

A recent study suggests a crucial role for the domain shifts in
correct segment determination in insects (Clark, 2017). In our dataset,
we were able to compare the spatial dynamics of gene expression in
wild type embryos, Kr+/Kr- heterozygotes and Kr null mutants at the
level of mRNA and protein. We analyzed gt and eve posterior domains
which shift significantly over time.

In our previous work, we detected that the shape and width of eve
expression patterns in Kr+/Kr- heterozygotes in early cycle 14A
resemble those in Kr null mutants. However, later on, these traits
tend to become similar to those in wild type (Surkova et al., 2013).

Analysis of dynamic shifts in both the posterior gt domain and eve
stripe 7 in Kr+/Kr- heterozygotes shows the same tendency. In
heterozygous embryos from early cycle 14A, gt and eve domains are
positioned more anteriorly, like in null mutants. However, as develop-
ment proceeds, these domains move toward wild type positions
(Fig. 4A-D). In general, this effect can be explained by the dynamic
increase of low Kr concentrations to the half-normal levels, sufficient to
correct the mutant phenotype.

Interestingly, in Kr+/Kr- heterozygotes at the end of cycle 14A, the
domain positions at the mRNA level are closer to their wild type
positions than the positions of these domains at the level of protein
(Fig. 4A-D). Moreover, the analysis of positional variability of eve
stripe 7 in heterozygotes and Kr null mutants revealed that it decreases
over time at the mRNA level (Fig. 4E). However, at the protein level,
the variability decreases to a lesser extent in heterozygotes (Fig. 4E)
and remains high in Kr mutants (Surkova et al., 2013). Thus, in
Kr+/Kr- heterozygotes, the spatial positions of expression domains
at the protein level are not fully corrected by the time of segment
determination, and although heterozygotes are viable, this can
result in segmentation defects observed later in development
(Bullock et al., 2004).
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